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DEVELOPMENT OF LOW TEMPERATURE DIELECTRIC COATINGS 
FOR 

ELECTRICAL CONDUCTORS 

INTRODUCTION 

The continuing evaluation of the effect of thermal aging on the 
performance of wire insulation at room and cryogenic temperatures 
constitutes the major part of the work described in this report. The 
procedures and test facilities were described in the fifth quarterly 
report dated October 15, 1962 and the first part of the work (which is 
continued in this report) is described in the sixth quarterly report 
dated January 15, 1963. In this report, mandrel flexibility and 
dielectric measurements are summarized for all of the wires after aging 
the specified length of time in vacuum and air at 120 C and in air at 
250 C. 
responsibilities in that after aging measurements have been made in liquid 
helium and sometimes in liquid nitrogen even though not specifically 
required. 

The results reported go considerably beyond the contract 

Data is given also for wires after exposure to high humidity but 
these data are not yet complete. Information on the design of test 
facilities for this and other requirements has been included also. 

This report describes data on the flexibility of several ribbon 
cable constructionswhile immersed in liquid helium. 

The dielectric evaluation of cryogenic liquids has been plagued by 
bad luck but the newly developed test equipment is described. 

SUMMARY AND CONCLUSIONS 

Wire Evaluation 
Thermal Aping 

and vacuum on wire insulation can be determined by measuring changes in 
flexibility, voltage breakdown and dissipation factor and that correlation 
between these different methods can be shown at least qualitatively. 
Each measurement approach has advantages and disadvantages which differ 
with the various wire insulations. 
cryogenic temperatures is often a particularly sensitive tool for following 

It is gratifying to report that the effects of thermal aging in air 

Measurement of flexibility at 



the  degradation caused by thermal aging. 
v inyl  chloride (PVC) is  so b r i t t l e  a t  cryogenic temperatures t h a t  such 
measurements are useless  a s  a tool f o r  following the e f f e c t s  of thermal 
aging. 
measure changes caused by thermal aging i n  WC e i the r .  
breakdown a t  room temperature is  not s ens i t i ve  t o  thermal aging changes 
i n  PVC, s i m i l a r  breakdown measurements made a t  cryogenic temperatures do 
ind ica te  the  progressive degradation of thermal aging i n  vacuum (see 
Fig,  7) .  

However, p las t ic ized  poly- 

Unfortunately, changes in f l e x i b i l i t y  a t  room temperature do not 
While voltage 

It i s  important t o  f ind the m o s t  appropriate and su i tab ly  sens i t ive  
test technique f o r  determining degradation i n  each type of mater ia l ,  
F l e x i b i l i t y  and voltage breakdown* measurements a t  cryogenic temperatures 
have been shown t o  be par t icu lar ly  sens i t i ve  and more su i t ab le  than the  
room temperature measurements i n  following progressive thermal degradation. 
It follows tha t  thermal aging must a l s o  be a funct ional ly  important 
parameter when considering the  use of insu la t ing  materials exposed i n  ap- 
p l i ca t ion  t o  both high and low temperatures. 

For example, PVC even before aging is b r i t t l e  a t  cryogenic 
temperatures but i f  undisturbed maintains high voltage breakdown. 
PVC is thermally aged i n  vacuum, the  voltage breakdown a t  cryogenic 
temperatures i s  s ign i f i can t ly  degraded. It i s  important t o  note that 
with PVC the  aging &I vacuum a t  120 C produces s ign i f i can t  degradation 
while aging i n  a i r  did not, Precisely the  reverse i s  t r u e  with Formex, 
which exh ib i t s  s ign i f icant  degradation when aged i n  a i r  a t  120 C but not 
i n  vacuum! Obviously the mechanism of degradation is  d i f f e ren t  f o r  the  
two types of materials. 
by loss of v o l a t i l e s  (such a s  p las t ic izers )  i n  vacuum while f o r  Formex, 
degradation appears t o  b e  related t o  cross  l inking and embrittlement 
produced by oxidation i n  air .  

When 

With PVC, degradation i s  apparently produced 

For ML, degradation with aging appears t o  be ins igni f icant  a t  120 C 
but  a t  250 C i n  120 days appears t o  occur primarily as a r e s u l t  of copper 
oxidation which causes loss  of adhesion detected by f l e x i b i l i t y  tests a t  
both room and cryogenic temperatures. However, the  i n i t i a l  cure and 
t h e  development of the  optimum molecular s t ruc tu re  i n  ML does influence 
the  f l e x i b i l i t y  a t  cryogenic temperatures which thereby becomes a useful  
evaluation tool ,  
changes caused i n  the  molecular s t ruc tu re  of ML with s u f f i c i e n t  thermal 
aging but 120 days a t  250 C i s  not enough t o  cause s ign i f i can t  change i n  
t h i s  very thermally s t a b l e  material. 

It i s  l i ke ly  that cryogenic f l e x i b i l i t y  w i l l  de tec t  

The changes i n  diss ipat ion f ac to r  of thermally aged w i r e s  a r e  more 
d i f f i c u l t  t o  i n t e rp re t  and such r e s u l t s  a r e  bes t  used i n  conjunction with 
r e s u l t s  of f l e x i b i l i t y  and voltage breakdown tests. 
the  d iss ipa t ion  f ac to r  of many mater ia ls  decreases as thermal aging 

As i s  w e l l  known, 

* This is  not a spec i f i c  contract respons ib i l i ty  but was added as i t s  
s ignif icance became apparent. 



- 3 -  

produces cross  l inking. 
conducting ions i n  some materials l i k e  PVC which w i l l  increase the  
d i s s ipa t ion  fac tor .  I n  the  subject  work, t he  d iss ipa t ion  f ac to r  of 
PVC increased when aged a t  120 C i n  vacuum but did not change s ign i f i can t ly  
with aging i n  a i r .  It is suggested that the lo s s  of v o l a t i l e  p l a s t i c i z e r  
removee the  s t a b i l i z e r  which would prevent t he  thermal degradatton of poly- 
v inyl  chloride.  
indicated by the  increased d iss ipa t ion  fac tor .  
t i o n  f ac to r  of Formex with aging i n  a i r  a t  120 C is  mre d i f f i c u l t  t o  
explain. However, these changes co r re l a t e  with changes i n  f l e x i b i l i t y  
and vol tage breakdown. 

On the  o ther  hand, thermal aging can produce 

I n  consequence HC1 ions developed i n  vacuum aging as 
The increase i n  d iss ipa-  

The d i s s ipa t ion  f ac to r  values of a l l  the wire insu la t ion  both 
unaged and aged are very low a t  cryogenic temperatures - a t  l i qu id  helium 
temperature so very low a s  t o  make comparisons r a the r  meaningless. 
i s  apparent that these l o w  d i e l e c t r i c  losses  may prove t o  be func t iona l ly  
useful .  

It 

Mo i s t i tre Aging 

s ive  so f a r  as the  data on the  e f f e c t s  of thermal aging. However, it 
would seem that 
evidence of moisture absorption. 
w i l l  probably not provide usefu l  indicat ions of absorbed moisture but  
instead may provide a measure of molecular change caused by hydrolyt ic  
degradation. The a b i l i t y  t o  separate the  e f f e c t s  of moisture exposure 
(a revers ib le  e f f e c t  with drying) from hydrolyt ic  sc i ss ion  (a permanent 
degradation) may prove t o  be  very useful.  

The data on the  e f f e c t  of moisture exposure are not near ly  as exten- 

e l ec t r i ca l  propert ies  a t  room temperature provide 
Propert ies  a t  cryogenic temperatures 

The l imited data ind ica te  e f f e c t s  of moisture absorption i n  Formex 
and asbestos  insu la t ion  and the  l ikelihood of hydrolytic degradation i n  
Formex and ML. 

Ribbon Cable 

The need f o r  fu r the r  development of ribbon cable based on H f i lms 
f o r  cryogenic appl ica t ions  i s  evident from the  r e s u l t s  shown t o  date, 
I f  evaluation techniques f o r  f i lms by themselves can be  developed, t he  
progress with ribbon cable  should be aided, 

OBSERVATIONS AND SUMMARY OF TEST RESULTS 
Wire Evaluation 

F 1 ex i b i 1 i t y 

Previous s tud ies  have shown that decreased f l e x i b i l i t y  a t  very low 
temperatures i s  the pr incipal  l imi ta t ion  i n  the  cryogenic appl ica t ion  of 
insulated w i r e .  
f l e x i b i l i t y ,  it i s  obvious that the e f f e c t  of thermal aging followed by 
f l ex ing  a t  cryogenic temperatures should be invest lgated t o  determine i f  
t he  degradation i s  cumulative. 

Since thermal aging a l s o  causes a reduction i n  
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Results of repeated mandrel f l e x i b i l i t y  tests i n  l i qu id  helium are 
summarized i n  Table I fo r  several insulated w i r e s  a s  received and a f t e r  
aging i n  a i r  a t  120 and 250 C and i n  vacuum a t  120 C. 
of f a i l u r e  i n  f lexure i s  precise with extruded Teflon and PVC s ince  as 
t h e  mandrel s ize  is decreased, a l i m i t  is  reached a t  which cracking and 
l i f t i n g  of t he  insu la t ion  suddenly occurs. For the  other  w i r e s  a 
t r ans i t i on  exists between such catastrophic f a i l u r e  and no damage. 
With Formex, very f i n e  cracking o r  crazing develops i n  the  f i lm coating 
when the  w i r e  i n  l i qu id  helium is flexed around a range of mandrel 
s i ze s  intermediate between a large one which causes no damage and a 
smaller one which produces crack separation and l i f t i n g  of t he  film. 
With ML, "we l t s "  appear i n  the  f i l m  coating on the  ins ide  of the  bending 
radius even when bent a t  room temperature around the smaller mandrels. 
The f i lm is not always crazed or cracked a t  the w e l t s .  The w e l t s  occur 
only after the  wire has been aged a t  25OoC and appear t o  r e s u l t  from the  
loss  of adhesion between the fi lm coating and the  oxidized copper under- 
neath it. 
w i l l  no t  i n t e r f e r e  with the functional perfozlnance a t  cryogenic tempera- 
tures.  A t  such temperatures, moisture and d i r t  cannot penetrate  as they 
could a t  normal temperatures t o  cause ser ious degradation of the 
e l e c t r i c a l  properties.  

The determination 

Unless the  crazing or  w e l t s  a c tua l ly  "open up" they usual ly  

When f e l t e d  asbestos insulated w i r e  is  bent around small mandrels 
a t  both room and cryogenic temperatures, the  f e l t ed  s t ruc tu re  may "tear" 
t o  produce cracks. 
degradation when they open enough so as t o  reveal the  bare conductor 
through them. 

Such cracks are considered t o  cause funct ional  

When Table I i s  studied i t  i s  apparent t ha t  thermal aging even a t  
250 C has no s ign i f i can t  e f f e c t  on the  f l e x i b i l i t y  of extruded Teflon and 
r e l a t i v e l y  l i t t l e  e f f e c t  on fe l ted  asbestos coatings, Some degradation 
of the  ML coating occurs only a t  250 C and a f t e r  120 days exposure 
G.E. ML seems t o  be s l i g h t l y  superior t o  Phelps Dodge ML. As mentioned 
earlier, the  degradation of ML coatings probably r e s u l t s  a t  least i n  pa r t  
from the  lo s s  of adhesion t o  t h e  conductor caused by o x i a t i o n  of t h e  
copper which would not occur i n  many space environments. The  Formex 
coating as expected is  charred a t  250 C. 
aging a t  120 C i n  a i r  and vacuum is most in te res t ing .  
i n  vacuum a t  1.20 C, Formex ages v r 
aging period, a vacuum of 2 x 10 Torr w a s  held. 
aging i s  apparent a f t e r  60 days and probably less. It i s  apparent t ha t  
oxidation ra ther  than the loss  of v o l a t i l e  components i s  responsible f o r  
t he  thermal degradation of Formex. 
l i qu id  helium temperature, no addi t ional  e f f e c t  of thermal aging could be 
observed. However, t he  color of t h e  PVC coating changes t o  brown when 
aged i n  vacuum but exhib i t s  very l i t t l e  color  change when aged i n  a i r  
a t  120 C. 
with the  measurement of f l ex ib i l i t y .  

The comparison of Formex a f t e r  

Throughout most of the  
Even a f t e r  120 days 

l i t t l e .  -% I n  a i r  a t  120 C 

Since unaged PVC i s  s o  b r i t t l e  a t  

The s ignif icance of such color  changes has not been determined 
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The e f f e c t  of aging 15 days a t  80 C and 95% RH before f lexure  tests 
i n  l iqu id  helium i s  shown i n  the column of Table I. 
degradation i n  f l e x i b i l i t y  a f t e r  moisture exposure i s  apparent with ML 
and pa r t i cu la r ly  with Formex. 
condensation on the  outs ide of the  samples before they w e r e  immersed i n  
l i qu id  helium so as t o  avoid the formation of ice. 
that the  degradation observed r e su l t s  from hydrolytic degradation of t he  
molecular s t ruc tu re  t o  which both Formex and ML are known t o  be susceptible.  
However, the  l imited amount of molecular degradation occurring i n  15 days 
a t  80 C and 95% RH would be d i f f i c u l t  t o  de t ec t  with conventional means. 
I f ,  i n  fact, hydrolytic degradation is involved, cryogenic f l e x i b i l i t y  i s  
a very sens i t i ve  test f o r  it. 

A d e f i n i t e  

G r e a t  care was taken t o  prevent moisture 

It is believed 

Table I1 describes r e su l t s  of f l e x i b i l i t y  measurements on unaged 
and aged w i r e s  made a t  room temperature. 
w e r e  wrapped on t h e i r  own diameter - lX. 
w e r e  subjected t o  repeated reverse f l e x i b i l i t y  tests about mandrels of 
d i f f e r e n t  s i zes  using the  same equipment as used f o r  tests i n  l i qu id  
helium. 
e f f e c t  of t h e m l  o r  moisture aging on e i t h e r  Teflon o r  WC extruded 
coatings. However, the  e f f e c t  of t h e m l  aging a t  250 C on ML is  
evident. The decrease i n  room temperature f l e x i b i l i t y  of Formex aged 
i n  a i r  a t  120 C i s  evident but  is not  evident when the  aging takes 
place i n  vacuum (confirming the  measurements made a t  l i qu id  helium 
temperature - Table I.) 
room temperature of asbestos insulated w i r e  degrades s l i g h t l y  a f t e r  
aging a t  250 C. 

I n  one approach the  w i r e s  
In  the  other approach the  w i r e s  

The f l e x i b i l i t y  tests a t  room temperature do not de tec t  any 

There i s  an indicat ion t h a t  f l e x i b i l i t y  a t  

The moisture aging shown in the  last column appears t o  have no 
s ign i f i can t  e f f ec t  on the  f l e x i b i l i t y  of any of the  w i r e s .  
t i o n  indicated with Formex and ML a t  cryogenic temperatures i s  not 
obvious a t  room temperature. 

The degrada- 

I n  fur ther  invest igat ion,  w i r e s  w e r e  wound about t h e i r  own 
diameter - lX, or  back again - 3X,  o r  even back again the second t i m e  - 5x. The w i r e s  so wound w e r e  then immersed i n  l iqu id  helium t o  see 
if f i lm f a i l u r e  might occur in  t h i s  s t ra ined  condition which did not  
develop a t  room temperature a s  or ig ina l ly  flexed. 
a 5X bend f o r  HF aged 60 days i n  a i r  a t  120 C - was damage apparent a f t e r  
immersion i n  l iqu id  helium that was not noticed before immersion. 

In  only one case - 

Throughout the  work, i t  has been apparent t h a t  mandrel f l e x i b i l i t y  
measurements may be useful  i n  determining t h e  cure of ML e n a m e l  which i s  
so d i f f i c u l t  t o  measure i n  more conventional ways. 
f l e x i b i l i t y  measurementsat l iquid helium temperature a r e  shown f o r  ML w i r e  
cured with two d i f f e ren t  oven temperatures a t  th ree  oven speeds. A 
s h a r p  demarcation f o r  d i f f e ren t  curing conditions occurs a s  indicated by 
the  considerable change i n  f l e x i b i l i t y  a t  l i qu id  helium temperature. 
These differences i n  cure are not indicated by f l e x i b i l i t y  tests made a t  
room temperature . 

In  Table I V ,  mandrel 

.-. 
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Table I1 

Repeated Mandrel Flexibility Test at 25OC 

(Test Conditions: 10 Reverse Bends Around Mandrel Diameter SHown) 

1 Insulated Wire 

Teflon (Extruded) I ; (0.0114" wall) 

Polyvinyl Chloride 
(0.0071" wall) 

H e a v y  Formex 
(0.0013" wall) 

HML (G.E. Co.) 1 (0.0014" wall) 

Asbestos (Phosphate) 1 (0.0054" wall) 

Asbestos (ML wer- 
coated) 

(0 . 0064" wall) 

Overall Wire 
Dia. - In. 
Failure 
Sat is f a c t ory 

Failure 
Sa tisf actory 

Failure 
Sat is f ac tory 

Failure 
Welts 
Sa tisf actory 

Failure 
Welts 
Satisfactory 

Failure 
Cracks 
Sat is f ac tory 

Failure 
Cracks 
Satisfactory 

Pre-Conditioning Before Test 

OK 

OK 

OK 

OK 

CK 

11 

120 CRac 
120 Days 

- lx* 
1 14" 

-lx 
118" 

-lx 
118" 

-lx 

118" 

-lx 

118" 

3 14" 

1" 

118'' 

-- 

-- 

1 )  - 

120 CIAir 
120 Days 

OK - 1x 
1 

O K - l x  
118'' 

1/4" 
3 14" 

OK - 1x 
118'' 

O K - l x  

118'' 

3 14" 
118" - 3, 

1 

118" 

-- 

-- 

250 C/Air 80 C/95% R.H. Air 
120 Days 15 Days 

OK - 1x OK - 1x 
1 /211 (No test) 

O K - l x  OK - 1x 
(No test) (No test) 

(No test) OK - 1x 
(No test) 118'' 

1 /211 OK - 1x 
d- 118" 

314" - 1" -- 

114" 114" 

1" 3 14" 1 314" 
1/8" - 3/4" 1/4" - 112" 118" - 1/4" 1/8" - 112" 

* OK - lX, the wire can be wrapped on its own diameter without visible damage. E 
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Table 111 

Effect of Pre-Conditioned Insulated Wires on the 
Flexibility Test at 25C/4K 

Test Condition: 

Wire and Pre-Conditioning 

Teflon (Extruded, 0.0114" Wall) 
Or i g ina 1 
20 Days, 120 C, Vacuum 
60 Days, 120 C, Vacuum 
120 Days, 120 C, Vacuum 
60 Days, 120 C, Air 
120 Days, 120 C, Air 
60 Days, 250 C, Air 
120 Days, 250 C, Air 

Polyvinyl Chloride (0.0071" Wall) 
Original 
20 Days, 120 C, Vacuum 
60 Days, 120 C, Vacuum 
120 Days, 120 C, Vacuum 
60 Days, 120 C ,  Air 
120 Days, 120 C, Air 
60 Days, 250 C, Air 
120 Days, 250 C, Air 

Heavy Formex (0.0013'' Wall) 
Original 
20 Days, 120 C, Vacuum 
60 Days, 120 C, Vacuum 
120 Days, 120 C, Vacuum 
60 Days, 120 C, Air 
120 Days, 120 C, Air 
60 Days, 250 C, Air 
120 Days, 250 C, Air 

Wire Wound on Itself at Room Temperature 
and then Immersed in Liquid Helium for 
15 Minutes Before Visual Examination for 
Breaks, Cracks, Splits or Separation of 
the Dielectric from the Wire 

Flexibility at 25 C + Immersion in Liquid Helium 

OK - lx* 
OK - 1x 
OK-lx 
O K - l x  
O K - =  
OK - 1x 
OK - 1x 
OK - 1x 

O K - l x  
OK - 1x 
OK - lx (After 60 days in vacuum at 12OoC, wire 
OK - 1x turned brown in color.) 
O K - l x  
OK - 1x 
(Not run) 
(Not run) 

O K - l x  
OK - 1x 
O K - l x  
O K - l x  
Failed - 3X* at room temp. -(1 crack at 5X in 
Failed - 5X at room temp. 
(Formex charred - no test) 
(Formex charred - no test) 

liquid He) 

* aK - lX, the wire can be wrapped on its own diameter and subsequently immersed in 
liquid He without visible damage. 

* 3X, the wire is wrapped on itself and then back again on itself. 
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Table I11 (Contd.) 

Effect  of Pre-Conditioned Insulated Wires on the  
F lex ib i l i t y  T e s t  a t  25C/4K 

Wire and Pre-Conditioning 

HML (G.E. Co., 0.0014" Wall) 

Origina 1 
20 Days, 120 C ,  Vacuum 
60 Days, 120 C ,  Vacuum 

120 Days, 120 C ,  Vacuum 
60 Days, 120 C ,  A i r  

120 Days, 120 C ,  A i r  
60 Days, 250 C ,  A i r  

120 Days, 250 C,  A i r  

HML (Phelps-Dodge, 0.0011" Wall) 

Original 
20 Days, 120 C ,  Vacuum 
60 Days, 120 C ,  Vacuum 

120 Days, 120 C ,  Vacuum 
60 Days, 120 C ,  A i r  

120 Days, 120 C,  A i r  
60 Days, 250 C ,  A i r  

120 Days, 250 C ,  A i r  

Asbestos (Phosphate, 0.0054" Wall) 

Origina 1 
20 Days, 120 C ,  Vacuum 
60 Days, 120 C,  Vacuum 

120 Days, 120 C, Vacuum 
60 Days, 120 C ,  A i r  

120 Days, 120 C,  A i r  
60 Days, 250 C ,  A i r  

120 Days, 250 C ,  A i r  

Asbestos (ML Coated, 0.0064" Wall) 

Original 
20 Days, 120 C,  Vacuum 
60 Days, 120 C ,  Vacuum 

120 Days, 120 C ,  Vacuum 
60 Days, 120 C ,  A i r  

120 Days, 120 C ,  A i r  
60 Days, 250 C,  A i r  

120 Days, 250 C,  A i r  

F l e x i b i l i t y  a t  25 C + Immersion i n  Liquid H e l i u m  

OK - 1x 
OK - 1x 
O K - l x  
OK - 1x 
OK - 1x 
OK - 1x 
Inside Radial Welts (Developed a t  23 C) 
Inside Radial Welts (Developed a t  23 C) 

OK - 1x 
OK - 1x 
OK - 1x 
OK - 1x 
OK - 1x 
OK - 1x 
Inside Radial Welts (Developed a t  23 C) 
Inside Radial Welts (Developed a t  23 C) 

Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - 1 X  (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 

Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lX (During Winding a t  23 C) 
Failed - lx (During Winding a t  23 C) 
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Table IV 

Effect of Curing Conditions of ML Coated Wire on Flexibility 

Flexibility Test Conditions: 10 Reverse Bends Around Mandrel in 
Liquid Helium, Failure Indicated by 
Breaks, Cracks or Separations of the 
Dielectric by Visual Observations with 
a Low Powered Microscope 

Oven 
Temperature 
High 

Moderate 
High 
High 
High 

Moderate 
High 

Wire 
Speed 

Slow 

Intermediate 
Intermediate 
Intermediate 

Fast 
Fast 
Fast 

Flexibility 
Failure Sat is f ac tory 

None 1 /8" 

None 1/8" 
None 1/8" 
None 1/8" 
1 /4" 1/2"  

1 /4" 1 /,It 
1 /4" 1 /,,I 

Flexibility (Wire Wound on Itself 
at Room Temperature and then Immersed 
in Liquid Helium for 15 Minutes 

OK - 1x 
O K - l x  

O K - l x  

OK - 1x 

OK - 1x 
OK - 1x 
O K - l x  
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Compression Cut Through 

W C  extruded coatings f a i l e d  i n  compression i n  l i qu id  nitrogen (under 
the  inf luence of a 4.7 load applied t o  a -025 in .  diameter rod per- 
pendicular t o  the wire). 
and spal led a s  a 50-pound load was appl ied,  but no means of determining 
the  point of f a i l u r e  was developed. 

A s  described i n  the s i x t h  quarter ly  repor t  dated January 15, 1963, 

In  a s imilar  test Formex insu la t ion  cracked 

ML insu la t ion  was not damaged even when 70 pounds was applied t o  a 
.025 in .  diameter rod. Under such conditions the  ML coated w i r e  w a s  
deformed considerably as shown i n  Photo 1. 

Pr inc ipa l  a t t en t ion  has been d i rec ted  t o  the  development of a means 
f o r  de tec t ing  f a i l u r e  when i t  occurs i n  crushing o r  cut-through tests. 
Up t o  700 v o l t s  was applied between the  Formex conductor and the steel 
rod i n  the  hope that vol tage breakdown would ind ica te  when f r a c t u r e  of 
the Formex f i l m  occurred as load was applied t o  the  m n d r e l  while im-  
mersed i n  l i qu id  nitrogen, 
spa l l ing  was obtained, no voltage f a i l u r e  resu l ted ,  Apparently the 
l i qu id  nitrogen impregnated the  cracked insu la t ion  which provided suf- 
f i c i e n t  spacing so t h a t  d i e l e c t r i c  f a i l u r e  could not be obtained even 
a t  700 v o l t s  (higher voltages could not be appl ied e a s i l y  becuase of 
equipment l imitat ions) .  

Even though considerable cracking and 

In  consequence, attempts were made t o  develop a crushing cut-through 
test  which would d i s rup t  t he  insu la t ion  s u f f i c i e n t l y  so tha t  actual 
electrical contact would be  made between mandrel and insulated conductor. 
It was expected that more severe tests might a l s o  cause f a i l u r e  of ML 
insulat ion.  None of the  tests developed accomplished the  desired ob- 
j e c t i v e s  but are described i n  the following s ince  the  d e t a i l s  give some 
idea of the parameters of the problem. 
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The crossed mandrel test (see Fig. A) 
was repeated using three mandrel diameters - 
.010", .025" and 0.250". S t ress -s t ra in  
p l o t s  of the  compression were plotted with 
an Instron Tester. The f a i l u r e  of the  
r e l a t i v e l y  thick extruded W C  could be 
detected but no r e l i a b l e  indication of 
f a i l u r e  i n  r e l a t i v e l y  th in  coatings l i k e  
Formex seemed possible. I n  the tests 
sketched i n  Figs. B and C, the  mandrel 
w a s  replaced with a hard steel ba l l  - 
0.12 o r  .030 in. i n  diameter. In  both 
tests the  copper deformed. Formex 
shat tered without external electrical o r  
mechanical indicat ion of fa i lure .  ML 
coatings did not f a i l .  I n  the  test 
shown i n  Fig. C the  small indenting b a l l  
tended t o  s l i p  between the  two insulated 
w i r e s  which w e r e  clamped together i n  
para l le l .  It was hoped that th i s  
shearing act ion would produce m e t a l  
conduct, but it did not. 

MANDREL 

1 

il 
FIG. A 

f 

WI 

FIG. B 

TWO 
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I n  the  arrangement shown in  Figs. D 
and E ,  two insulated w i r e s  were each shaped 
i n t o  a U configuration, crossed and sub- 
jected t o  compression. An over-and-under 
arrangement was used a l s o  as i l l u s t r a t e d  i n  
Fig. E. 
points  of contact sha t te r ing  Fomex i n  
some cases but never ML. 
w a s  impossible by e i t h e r  e l e c t r i c a l  or 
mechanical means t o  determine the load a t  
which f a i l u r e  occurred. 
t i o n  was perhaps easier t o  control than the 
mandrel o r  penetrat ing b a l l  test. 

The copper deformed a t  t he  four 

Here again it 

The U configura- 

I n  a f i n a l  attempt,  four  w i r e s  were 
held i n  grooves on the surface of a wedge 
arranged shown i n  cross  sect ion in Fig. F. 
A wedge angle  of 3' was used since l a rge r  
angles  produced uncontrolled slippage, 
Even a t  a 3' angle the test is d i f f i c u l t  
t o  control.  Unfortunately, t he  hoped-for 
e l e c t r i c a l  contac t  between the  f a i l ed  
samples after increments of increasing load 
d id  not occur. 

FIG. D 

FIG. E 

FIG. f 
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Voltage Breakdown - E f f e c t  of Thermal Aging 

Voltage breakdown, l i k e  f l e x i b i l i t y ,  can be used as a too l  t o  
measure the  degree of thermal and moisture degradation i n  insulated w i r e .  
The e f f e c t  of thermal and moisture aging on the  voltage breakdown of 
twisted pairs both a t  room and a t  4.2% i s  shown i n  Table V. The three 
columns at t he  r i g h t  of the tab le  sunnnarize t h e  e f f e c t s  of moisture and 
w i l l  be discussed later. The remainder of t he  t a b l e  i s  devoted t o  the  
e f f e c t s  of thermal aging a t  175 C i n  both vacuum and a i r  and a t  250 C i n  
a i r  . 

Voltage breakdown values are cha rac t e r i s t i ca l ly  qu i t e  var iab le  so 
t h a t  t h e  range of the  values (min. - max.3 as w e l l  as the  average 
value i s  tabulated. With such var iable  r e s u l t s ,  it i s  d i f f i c u l t  t o  
grasp t h e i r  s ignif icance i n  tabulated form. Consequently, the data are 
p lo t ted  (as so l id  l i nes  f o r  b r e a k b w n  tests made a t  23 C and as dotted 
l i n e s  f o r  tests made i n  l iqu id  helium, 4.2%) i n  several  f igures  as 
follows : 

Fig. 1 - Heavy Fomex Wire (HF) aged i n  vacuum 

Fig. 2 - G.E. heavy ML w i r e  aged i n  vacuum and 

Fig. 3 - Phelps Dodge heavy ML Wire aged i n  

Fig. 4 - G.E. and PD ML w i r e s  aged i n  a i r  a t  250 C. 

Fig. 5 - Extruded Teflon insulated w i r e  aged i n  

Fig. 6 - Extruded Teflon insulated w i r e  aged i n  

Fig. 7 - Extruded polyvinylchloride insulated 

and a i r  a t  120 C. 

air  a t  120 C. 

vacuum and a i r  a t  120 C. 

vacuum and a i r  a t  120 C. 

a i r  a t  250 C. 

wire aged i n  vacuum and a i r  a t  120 C. 

These f igures  w i l l  be discussed individually.  

From Fig. 1 it i s  apparent that f o r  Formex no s ign i f i can t  difference 
e x i s t s  between breakdown measurements m d e  a t  room (so l id  l ines)  and 
a t  4.2 K (dotted l ines) .  No e f fec t  of t h e m 1  aging a t  120 C i n  vacuum 
is obvious but  i n  air  a s l i g h t  but barely s ign i f i can t  drop i n  breakdown 
voltage is evident. The e f f ec t  of aging i n  a i r  a t  120 C on the break- 
down voltage of Formex is not nearly as obvious a s  the  decrease i n  
f l e x i b i l i t y  described earlier i n  t h i s  report .  

I n  Figs. 2 and 3 i t  can be seen t h a t  f o r  ML (unlike Formex) the  
breakdown voltage a t  4.2 K i s  s ign i f icant ly  lower than a t  room temperature. 
N o  reason f o r  t h i s  difference i s  e a s i l y  postulated. However, no e f f e c t  
of thermal aging a t  120 C on ML is s ign i f i can t  i n  e i t h e r  a i r  o r  vacuum. 
I n  f a c t ,  even when aged a t  250 C i n  a i r  (Fig. 4) ,  no s ign i f i can t  e f f e c t  
of thermal aging i s  apparent. 
Dodge ML i s  lower than the  P.D. w i r e  but it should be noted from Table V 
t ha t  t he  nominal insu la t ion  thickness of the G.E. w i r e  i s  .0014 in.  and 

The breakdown vol tage of the  Phelps 
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t h e  PD w i r e  only .0011 which can e a s i l y  account f o r  the  difference i n  
the  absolute  values of the  breakdown voltage. The e f f e c t  of thermal 
aging on the  General E lec t r i c  and Phelps Dodge w i r e s  i s  s i m i l a r .  

From Fig. 5 it is apparent that, l i k e  Formex, the breakdown of 
extruded Teflon i s  s imi la r  a t  room temperature and a t  4.2OK. 
there  seems t o  be no e f f e c t  of thermal aging a t  120 C i n  e i the r  a i r  o r  
vacuum. The r e s u l t s  i n  Fig. 6 a re  puzzling. It would s e e m  that the  
room temperature breakdown of Teflon i s  s l i g h t l y  degraded with aging a t  
250 C while the  breakdown values obtained a t  4.2 K i n  l iqu id  helium 
exhib i t  no s igni f icant  change with such aging. 

A s  expected, 

The e f f e c t  of t h e r m 1  aging on the  vol tage breakdown of poly- 
vinylchloride insulated w i r e  as shown i n  Fig. 7 is  s t a r t l i n g .  
measurements made a t  room temperature a l l  remain above 20.5 Kv ( the  
upper l i m i t  of voltage avai lable)  desp i te  aging a t  120 C i n  e i t h e r  
vacuum o r  air .  However, breakdown measurements made a t  4.2 K i n  l iqu id  
helium indica te  a marked and increasing e f f e c t  of thermal aging a t  120 C 
i n  vacuum and a small but s ign i f icant  decrease with aging i n  a i r .  
should be noted tha t  when aged i n  vacuum the  PVC showed a pronounced 
color  change from yellow t o  brown,butwhen aged i n  a i r ,  only a very slight 
darkening of the  yellow color. It i s  l i k e l y  t h a t  p l a s t i c i z e r  vo la t i l i zed  
more rapidly under vacuum. 
produce measurable increased s t i f f n e s s  a t  23 C as shown earlier. I n  
l i qu id  helium even unaged PVC i s  too b r i t t l e  t o  be evaluated. 
when flexed a t  room temperature and then immersed i n  l iqu id  helium, gave 
no v i s i b l e  indicat ion of damage. 
t he  homogenity of the  PVC aged i n  vacuum i s ,  i n  f a c t ,  damaged by immersion 
i n  l iqu id  helium as indicated by the  degradation i n  e l e c t r i c a l  breakdown 
even though the  e f f ec t  of aging is not  v i s i b l e  t o  the  eye except as a 
color  change. 

Breakdown 

It 

The e f f e c t  of p l a s t i c i z e r  loss  did not 

Aged PVC, 

It is postulated tha t  (See Table 111) 

Voltage Breakdown - Effect  of Moisture Aging 

I n  order t o  determine the  e f f ec t  of moisture, the  contract  requires  
exposure a t  8OoC and 95% RH f o r  15 days - a very severe and accelerated 
condition which may not only r e s u l t  i n  physical  absorption of water but 
a l s o  i n  chemical degradation (hydrolytic sciss ion)  of some materials. 
The contract  requires  breakdown measurements only a t  room conditions a f t e r  
moisture exposure and these a r e  reported i n  Table V. 
breakdown values i n  l iquid helium a f t e r  moisture exposure are reported also.  
The humidity cabinet was cooled carefu l ly  t o  room temperature before 
opening so as t o  avoid condensation and the samples  t es ted  as rapidly 
as possible a f t e r  removal. Unavoidably, a few minutes elapsed between 
removal of the  samples from the  humidity chamber and the t i m e  of voltage 
breakdown. From T a b l e  V i t  can be seen that the moisture exposure de- 
creased the  room temperature breakdown voltage of Formex, PVC, and the  
phosphate impregnated asbestos.  
asbestos insulat ion dried out very rapidly so t h a t  any e f f ec t  of absorbed 
moisture could not be determined. Apparently moisture exposure did not 
adversely a f f e c t  ML or extruded Teflon. When tes ted  a t  4.2 K the Formex 
exposed t o  moisture exhibi ts  a higher voltage breakdown than when tes ted  

In addi t ion,  the  

It is  probable t h a t  the ML coated 



- 17 - 

a t  room temperature but not a s  high as f o r  samples not exposed t o  moisture. 
Since absorbed moisture would not be expected on the bas i s  of other  
evidence t o  decrease the breakdown voltage a t  l i qu id  helium temperature, 
i t  is  expected that the decrease shown r e s u l t s  from molecular degradation 
caused by hydrolyt ic  sciss ion.  
responsible f o r  degradation i n  t h e  cryogenic f l e x i b i l i t y  of both Formex 
and ML as described earlier. However, hydrolyt ic  degradation of ML i s  
not  indicated by the breakdown voltage values. 

Such hydrolyt ic  s c i s s ion  was believed 

It i s  recognized that the  breakdown measurements should be made i n  
the  humidity chamber and not: a f t e r  removal when drying can occur. 
Measurements of t h i s  kind were intended but t rouble  with lead breakdown 
occurred. A few measurements were made successful ly  with Phelps Dodge 
ML and inorganic bonded asbestos a s  shown i n  Table V. I n  t h i s  case, the  
breakdown voltage was decreased due t o  the  inf luence of absorbed moisture. 
A new humidity chamber and lead arrangement have been developed t o  over- 
come these problems 
underway. 

a s  shown i n  Sketch 111 and a new series of tests is  

Capacitance and Dissipat ion Factor 

The measurement of capacitance and d iss ipa t ions  f a c t o r  a f t e r  various 
aging periods a t  several  temperatures described i n  the  s i x t h  quar te r ly  
repor t  has been continued i n  t h i s  report .  The d i s s ipa t ion  f ac to r  data 
of Table IV of the  s i x t h  quarter ly  repor t ,  together with addi t iona l  data, 
have been p lo t ted  i n  t h i s  report as Table V I .  Several observations on 
these r a the r  extensive data  can b e  made. A l l  of the  values of d i s s ipa t ion  
f a c t o r  measured with samples i n  l iqu id  helium a t  4.2 K a r e  very low - so 
low, i n  f a c t ,  as usual ly  t o  b e  below the  range of a very sens i t i ve  bridge 
and where values are reported there i s  reason,in some cases , to  bel ieve 
they may be i n  e r r o r  (such measurements are d i f f i c u l t  t o  make). Con- 
sequently, the  measurements a t  4.2 K provide l i t t l e  bas i s  f o r  comparison. 
While the  values f o r  samples measured i n  l i qu id  nitrogen are s t i l l  very 
low, it does s e e m  possible  t o  make comparisons a t  t h i s  temperature. 
However, the  bes t  comparison can apparently be made between the  room 
temperature values before and a f t e r  hea t  aging. 

A l l  of t he  d i s s ipa t ion  fac tor  values f o r  Teflon are very low, but  
i n  general ,  the  values a t  room temperatures decrease with thermal aging. 
It i s  suggested that thermoplastic flow has occurred even a t  120 C so 
that the  cabled sample has loosened somewhat. Such changes may, i n  f a c t ,  
b e  responsible f o r  some of  the  questionable r e s u l t s .  
d e f i n i t e  and in t e re s t ing  t rends can be observed. 
a t  23 C decreases with aging a t  120 C i n  a i r  and increases  with aging a t  
120 C i n  vacuum. 
voltage breakdown data which ind ica te  degradation of these proper t ies  
i n  vacuum but not i n  a i r .  I n  the opposite fashion, the d i s s ipa t ion  
fac tor  values f o r  Formex increase when aged i n  a i r  a t  120 C but show l i t t l e  
change with aging i n  vacuum a t  the  s a m e  temperature. 
co r re l a t e  with data which show t h a t  aging i n  a i r  but not i n  vacuum de- 
grades the f l e x i b i l i t y  and breakdown vol tage of Formex. 

With PVC,very 
The d i s s ipa t ion  f ac to r  

These r e s u l t s  c o r r e l a t e  with the  f l e x i b i l i t y  and 

Again these r e s u l t s  
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With ML, perhaps the  most i n t e re s t ing  comparison lies between 
r e l a t i v e l y  high values of tan J f o r  unaged G.E. w i r e  as compared t o  some- 
what higher values f o r  the Phelps Dodge product. 
these data that the  G.E. w i r e  has more cure a s  received which may account 
f o r  some of the  comparisons observed i n  o ther  proper t ies  a l so .  
aging a t  120 C i n  both a i r  and vacuum, the  d i s s ipa t ion  f ac to r  of both ML 
w i r e s  decreases, perhaps indicat ing s t i l l  fu r the r  cure although the 
temperature seems too low f o r  such ef fec ts .  
ML wires,aging a t  250 C produces an increase i n  the  d i s s ipa t ion  f a c t o r  - 
perhaps losses  caused by the  copper oxide a t  the  in t e r f ace  between f i lm  
coating and conductor are being measured. The changes i n  d i s s ipa t ion  
f ac to r  with aging of the  asbes tos  insulated w i r e s  are believed t o  be due 
pr imari ly  t o  lo s s  of moisture; but a t  250 C, the  development of copper 
oxide m y  be a f ac to r  i n  t h i s  case a l so .  

It i s  suspected from 

With 

I n  cont ras t ,  with both 

I n  Table V of t he  s ix th  quarter ly  repor t ,  values of capacitance 
a f t e r  thermal aging have been reported. 
sample geometry that they w e r e  not considered s ign i f i can t .  
of t he  addi t iona l  capacitance data has not changed t h i s  observation so the  
values are not reported here  although they are avai lable .  

These values depend so much on 
Examination 

Additional Breakdown Studies 

As required i n  the contract ,  breakdown measurements w i l l  be made i n .  
vacuum a t  high temperatures. 
f o r  making such measurements has been developed. The apparatus i s  shown 
i n  Sketch f2.  
which can be heated quickly and a very good vacuum pulled rapidly.  
ments are underway and r e s u l t s  w i l l  be  reported i n  the  next quar te r ly  
report .  

After some study,  a r e l a t i v e l y  simple method 

Only one sample is t e s t ed  a t  a t i m e  i n  an alundum tube 
Measure- 

A spec ia l  apparatus has a lso been developed t o  make voltage break- 
These measure- 0 down measurements a t  -60 C a s  required i n  the  contract .  

ments a l s o  should be completed during the  next quarter .  

Ribbon Cable 

I n  Table VI1 repeated mandrel f l e x i b i l i t y  tests 2 i n  l i qu id  helium 
are reported f o r  several  constructions of ribbon cable. 
recognized t h a t  f l e x i b i l i t y  depends on adhesion and sample thickness as 
w e l l  as the  nature of the  materials.  Sample E ,  which is  .012 in.  th ick ,  
does not f a i l  when flexed around a k'' lnandrel. 
FEP Teflon f i lm on one s ide  and H f i l m  on the o ther ,  which has been coated 
with a t h i n  FEP Teflon f i lm  t o  provide the  bond under pressure and 
temperature. 
bonded can be obtained. The thinner (.0086) r e s i n  bonded H f i lm  sample B 
a l s o  performs w e l l  i n  l i qu id  helium. 
Teflon alone (Sample D) is disappointing. 

It should be 

This sample cons is t s  of 

It i s  hoped t h a t  a sample with H f i lm  on both s ides  s imi l a r ly  

However, the performance of FEP 

Recognizing t h a t  i t  would be des i r ab le  t o  study the f lexure  
cha rac t e r i s t i c s  of the p l a s t i c  films by themselves, measurements w e r e  
made i n  l iqu id  nitrogen. Surprisingly,  i n  l i qu id  nitrogen it is  possible  
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Table VI1 

Repeated Mandrel Flexibility Tests of Ribbon Cable 

Test Condition: Strips 3/16" Wide Were Carefully Cut 
from the Cable for Mandrel Winding in 
a Manner Similar to the Procedure 
Developed for Round Wire. 
Turns in Liquid Helium was the 
Criterion for Failure 

10 Reverse 

Sample Mandrel 
No . Material Results Dia. - In. Remrks 

Methode Plyoduct Failed 1 /2 (If stress relieved by pre- 
(PD-812-P4) Sat is fac tory 1 flexing at Room Temperature) 
(31/32" Wide x 
0.012" Thick, 12 
Copper Conductors) 
(Mylar) 

Polys trip 
(H-1004-25) 
(2-5/8" Wide x 
.0086" Thick, 25 
Conductors) 
(Resin Bonded H Film) 

Polys trip 
(P-100-c-12) 
(1-5/16" Wide x 
.0085" Thick, 
12 Conductors) 
(Resin Bonded Mylar) 

Failed -- (Could not wind on 1/8" Mandrel) 
Satisfactory 1/4" (Except at point of high stress 

near mandrel attachment) 

Failed 1/4" 
Satisfactory 1/2" (Except at point of high stress) 

Polys tr ip Failed 1 (Test strip 1-1/16" wide) 
(TX- 15 6 -C-20) Sat is fac tory -- 
(3% Wide x .012" 

(FEP Teflon) 
Thick, 20 Conductors) 

IRC-HX-100-C-12 Failed -- (Could not wind on 1/8" Mandrel) 
(1-5/16" Wide x 
.012" Thick, 
12 Conductors) 

Bonded with PEP 
Teflon) 

Sat is f ac tory 

(FEP Teflon/ H Film 
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to crease ,010 in. films of FEP, Teflon and Mylar without failure. 
Consequently, other means of evaluation have been sought. 
developed the ingenious idea of using a punch in the center of a ring 
anvil to compare the strain capabilities of films at cryogenic tempera- 
tures. Preliminary tests are interesting and if time permits, this 
concept will be further developed, 

L. Hogue 

Dielectric Properties of Cryogenic Liquids 

As mentioned in the monthly report for January 1963, the vacuum 
capacitor to be used for the dielectric measurements of cryogenic liquids 
cracked as the glass filling tube was sealed to it. Attempts to repair 
it proved futile. 
with the glass tube used by the manufacturer to obtain the vacuum left in 
place. 
should permit very accurate measurement of capacitance and dissipation 
factor. 
cryostat and the electrical characteristics checked, Test results 
should be obtained very shortly. 

Consequently, a new vacuum capacitor has been obtained 

This new capacitor with a nominal value of 1000 picofarads 

It has been provided with guard electrodes, installed in a 

PROGRAM FOR APRIL AND THE EIGHTH QUARTER 

In April the principal effort will involve measurements of the 
electrical properties of cryogenic liquids, the vacuum breakdown of wire 
samples at high temperatures, the breakdown measurements at -6OOC and the 
measurement of breakdown voltage, resistance and AC properties of wire 
samples exposed at high humidity. 

Unfinished portions of the April program, a s  well as other contract 
requirements such as abrasion resistance, will be complete during the 
coming quarter. It seems reasonable to expect that essentially all of 
the requirements specified in the contract will be completed. 
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Sketch #1 

Humidity Aging, Electric Breakdown Chamber fo r  Twisted P a i r s  

Rubber stopper with 12 high voltage lead w i r e s  (Teflon insulated) and a central  ground 

Fe l t  insulation to  protect glass cover from outside thermal changes. 

Iron tank with glass desiccator cover. 

G l a s s  wool insulation between two Mylar cy l inders t to  further s t ab i l i ze  the temperature 
i n  the chamber. 

T e s t  specimens (12) of twisted pairs folded into a U shape to  e l i m i n a t e  exposed ends of 
wire and soldered to the ground ring and high voltage leads. 

Rock-wool insulation around the iron tank and s t i p  heaters. 

Water-glycerin solution adjusted to produce a 95% re la t ive  humidity a t  80 C. 

w i r e  i n  a t ex to l i t e  support tube. 

Tank heated with s tabi l ized voltage t o  produce 
a constant temperature. 
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Sketch #2 

High Temperature (250 C) Vacuum Electric Breakdown Apparatus for  Twisted Pairs 

A. 

B. 1-3/8" alumina specimen tube. 

C. 

D. 
E. 

Brass compression f i t t i ng  cap ("0" ring) with high voltage terminal and tubulations 
for  vacuum. 

Thermocouple to  measure the temperature of the tube surface. 
Hoskins e lectr ic  furnace heated with stabilized voltage to  produce a constant temperature, 
Specimen folded into a U and touching the inside surface of the tube. 
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Sketch 413 

Electric Breakdown Apparatus for -60 C T e s t s  of Twisted Pairs 

compression f i t t i ng  cap ("0" ring) with high voltage terminal and 
dry gas t o  prevent f rost  formation. 

B. 1-3/8" alumina specimen tube. 

C. 

D. 
E. 

Insulated bath €or cooling liquid. 
Dry ice-acetone mixture adjusted t o  -60 C. 

Specimen folded into a U and touching the sides of the tube. 

tubulations for 



Photo #l 

Compression Test of ML Wire in Liquid Nitrogen 


